ABSTRACT: Complementary in situ X-ray photoelectron spectroscopy (XPS), X-ray diffractometry, and environmental scanning electron microscopy are used to fingerprint the entire graphene chemical vapor deposition process on technologically important polycrystalline Cu catalysts to address the current lack of understanding of the underlying fundamental growth mechanisms and catalyst interactions. Graphene forms directly on metallic Cu during the high-temperature hydrocarbon exposure, whereby an upshift in the binding energies of the corresponding C1s XPS core level signatures is indicative of coupling between the Cu catalyst and the growing graphene. Minor carbon uptake into Cu can under certain conditions manifest itself as carbon precipitation upon cooling. Postgrowth, ambient air exposure even at room temperature decouples the graphene from Cu by (reversible) oxygen intercalation. The importance of these dynamic interactions is discussed for graphene growth, processing, and device integration.
T he route toward the commercial exploitation of graphene's unique properties hinges entirely on the development of adequate graphene growth and integration technologies. Chemical vapor deposition (CVD) using hydrocarbon precursors over commercially available polycrystalline Cu foil catalysts is the most widely used process to date to achieve continuous, high-quality monolayer graphene (MLG) over large areas. 1, 2 Cu offers a rather error-tolerant window for the formation of MLG. 3 This has been commonly attributed to the low carbon solubility of Cu on the basis of which an isothermal, surface-based mechanism of graphene formation has been suggested. 4−7 However, the detailed growth mechanisms and interactions of the inherently polycrystalline graphene with the Cu substrate during CVD remain largely unexplored, especially for scalable CVD conditions and polycrystalline Cu. Recent reports on mismatch epitaxy 8−13 suggest that, while the graphene lattice is incommensurate on any of the Cu surfaces, there are process-dependent relationships between the Cu surface and MLG domain shape and orientation. The key missing link to understand these relations is how Cu interacts with the growing graphene and how this graphene−Cu interaction evolves postgrowth, for example, after ambient air exposure. The latter also affects subsequent MLG transfer, 14 Cu corrosion under MLG, 15−19 and an increasing number of applications that utilize or contact graphene directly on the catalyst metal. 20−25 To determine the nature of this MLG−Cu interaction during and after growth, we fingerprint the entire graphene CVD process on polycrystalline Cu in situ, under actual reaction conditions. Using realistic hydrocarbon exposures up to mbar pressure levels, we employ complementary time-and processresolved in situ X-ray photoelectron spectroscopy (XPS), in situ X-ray diffractometry (XRD), and environmental scanning electron microscopy (ESEM). We find the Cu catalyst surface and bulk to be in the metallic state during CVD, but the C1s XPS core level signatures for isothermally growing MLG to be shifted to higher binding energies (BEs) compared to previously reported peak positions for isolated graphene. This BE upshift is indicative of coupling between the Cu catalyst and the growing graphene. The higher BE is retained after hydrocarbon exposure and cooling, but lost during air/oxygen exposure due to oxygen intercalation which decouples the Cu and MLG. We show that the Cu-MLG decoupling can be reversed and coupling can be restored by vacuum annealing. We observe that the presence of residual oxygen in the CVD atmosphere can also lead to a change in the MLG−Cu interaction. Our in situ measurements also indicate a minor carbon uptake into the Cu bulk which under certain conditions can manifest itself as carbon precipitation upon cooling and hence deserves consideration as part of a holistic understanding of graphene CVD.
Results. Using complementary in situ XPS, ESEM, and XRD, we capture the evolution of the MLG-Cu surface chemistry and morphology, the Cu bulk crystallography, and the MLG-Cu interactions at each stage of graphene CVD and subsequent air exposure. Figure 1 summarizes the salient steps (1−7). For the majority of the MLG growth experiments in this study undiluted C 6 H 6 vapor (at P C 6 H 6 ∼ 1 − 5 × 10 −3 mbar, after ∼0.2 mbar H 2 pretreatment) and a growth temperature of ∼900°C were used (unless specified otherwise). We have previously established that these CVD conditions result in MLG of a quality comparable to state-of-the-art graphene, 3 and we note that all in situ grown samples from our standard CVD conditions show ex situ Raman signatures corresponding to MLG of comparable quality (see below). For experimental details see the Methods section below.
Graphene Growth. Figure 2a shows the evolution of the C1s XP spectra during CVD using C 6 H 6 (steps 3−6), complemented by laterally resolved morphological information from a sequence of in situ ESEM images (Figure 2c) . Following pretreatment in H 2 and vacuum (steps 1−3) we obtain a flat line in the C1s scan implying a carbon free Cu surface given the experimental sensitivity. The catalyst surface exhibits contrast differences in the ESEM image arising from different Cu grains. Upon C 6 H 6 exposure, after ∼140 s, we observe the rise of a small intensity in the C1s XP spectra centered at 284.75 eV (labeled C 1 ). Two additional components appear at binding energies of 285.2 (labeled C 2 ) and 284.4 eV (labeled C 3 ) after ∼470 s. C 1 , C 2 , and C 3 reflect the presence of several distinct carbon binding arrangements on the Cu surface during growth. All peaks increase with ongoing C 6 H 6 exposure, keeping approximately the same intensity ratio to each other, which remains largely unchanged upon C 6 H 6 removal at temperature (step 5) and during subsequent cooling in vacuum (step 6).
The ESEM images reveal the formation of graphene nuclei upon C 6 H 6 exposure, which continue to grow in lateral size with increasing exposure time to form multilobed graphene islands, 5, 26 before merging to form a continuous film. Based on the postgrowth Raman characterization of the in situ samples (see Figure 2b) , we confirm MLG growth [2D (2688 cm ) peaks, where the 2D peak can be fitted with a single Lorentzian curve and I 2D /I G > 2] of reasonably high quality (I D /I G ∼ 0.1). The combination of our XPS, ESEM, and Raman data confirms isothermal MLG growth during hydrocarbon CVD.
We assign C 1 , the dominant component in the in situ C1s signal, as the XPS fingerprint of as-grown graphene on polycrystalline Cu (i.e., before removal to ambient air). This C 1 component has a BE that is distinctly different from the commonly reported ex situ measured C1s peak position for graphene grown on Cu at 284.4 eV 27 (which matches our C 3 component). Interestingly, when remeasuring the in situ grown samples after ambient air exposure at room temperature for ∼45 min (step 7), we find a shift in the dominating C1s peak component toward C 3 at 284.4 eV, along with an increase in the oxygen O1s signal (see Figure 3c ). Previous reports have suggested that Cu in direct contact with MLG leads to n-type doping of the MLG due to charge transfer, 28−32 which presents an interpretation of the BE shift. 33−36 We note however that our observed shifted BE, that is, the C 1 at 284.75 eV, could also be rationalized by exchange interactions between the Cu valence electronic structure and the C1s core hole, that is, spectroscopically a final state effect rather than a ground state effect. In any case, the recovery of the free-standing graphene signal post air exposure to C 3 at 284.4 eV and concurrent appearance of an O1s signal (see Figure 3c ) is clearly indicative of oxygen intercalation (see below). Therefore we assign C 1 (284.75 eV) to MLG growing in a coupled state and C 3 (284.4 eV) to MLG in a decoupled state (i.e., oxygen intercalated between MLG and Cu). We emphasize that the terms "coupled" and "decoupled" are here used as relative descriptions for graphene in direct contact with Cu and graphene with intercalated oxygen on Cu, respectively. These terms do not imply that the interaction between MLG/Cu ("coupled") is stronger than the previously theoretically estimated weak bonding. 6, 30 We note that the binding energy offset between C 1 and C 2 is +0.45 eV, which is consistent with the commonly reported offset between graphene and deleterious carbon (sp 3 -hybridized carbon), 37, 38 and hence assign C 2 to defects in the growing graphene. Based on the Raman data in Figure 2b (I D /I G ∼ 0.1), the C 2 signal level presented here corresponds to MLG with a reasonably low defect density.
From our XPS assignments, we find that graphene predominantly grows isothermally during CVD coupled to Cu (C 1 ) with a small amount of defects in the graphene (C 2 ) and with a small fraction of the layer decoupled (C 3 ). When graphene on Cu is then air-exposed at room temperature after CVD, the MLG layer is decoupled via oxygen intercalation (shift of the majority of the C1s signal to C 3 position). We will further corroborate this assignment and present details of the oxygen intercalation below.
Compared to the C1s evolution on the relatively higher carbon solubility catalyst Ni, 37, 38 we observe no XPS signatures of other carbon species (e.g., metastable surface carbides or carbon dissolved in the catalyst) before the coupled graphene fingerprint C 1 starts to rise. The lack of these features on Cu indicates a growth mechanism in which carbon incorporation into the catalyst subsurface is considerably reduced compared to Ni. This is in broad agreement with the model previously suggested by indirect ex situ experiments 4 and in situ LEEM studies during nonhydrocarbon based graphene growth 26 where negligible carbon was measured before graphene nucleation was observed. We note that our XPS peak evolution observed during CVD (i.e., coupled graphene fingerprint C 1 appearing without significant other contributions) is not limited to C 6 H 6 growth but is also detected for CH 4 -and C 2 H 4 -based CVD (not shown here), implying that this evolution type is generic for catalytic CVD of graphene using hydrocarbons on Cu catalysts. Similarly, we measure the shift of the C1s majority component to the decoupled C 3 position upon air exposure not only for C 6 H 6 -grown MLG but indeed for any CH 4 -and C 2 H 4 -grown MLG films 3 on Cu investigated in this study, confirming that the decoupling of graphene upon room temperature air exposure is also a generic phenomenon on polycrystalline Cu catalysts.
In addition to the carbon fingerprint, in situ XPS allows us to simultaneously examine the chemical state of the Cu catalyst surface. Figure 3a , b and c shows spectra of the Cu LMM Auger region, Cu 2p 3/2 , and O1s spectra, respectively, for as-loaded Cu foils (before step 1), after H 2 anneal (step 3), during C 6 H 6 exposure (step 4), after cooling in vacuum (step 6), and after post-CVD air exposure (step 7). The as-loaded Cu foil is oxidized from storage in ambient air, as revealed by the typical Cu 2 O Auger LMM fingerprint spectrum (Figure 3a) . 39, 40 The corresponding O1s (Figure 3c ) and C1s (not shown) spectra exhibit OH-groups as well as adventitious carbon and H 2 O adsorption. 41−43 Annealing in H 2 removes carbon adsorbents 44, 45 as seen by the initial flat line in Figure 2a and reduces the Cu to a metallic surface (development of typical LMM Figure 2 . Isothermal graphene growth on Cu: (a) in situ time-resolved XPS C1s core level scans at 900°C before (step 3), during (step 4), and after hydrocarbon (C 6 H 6 ) exposure (step 5), after cooling (step 6), and after air exposure (step 7). The numbers in brackets indicate spectrum of reduced Cu in Figure 3a ) leaving only minor traces of OH bonds ( Figure 3c) . 39, 40 Upon hydrocarbon exposure and graphene growth no changes develop in the Cu LMM, Cu 2p 3/2 , and O1s XP spectra, indicating that metallic Cu is the active catalyst state. Notably, compared to Ni, 37, 38 no significant signatures of dissolved carbon are observed during growth (corroborating the C1s assignments).
To complement the surface-sensitive XPS (information depth 0.7−1.2 nm), we use bulk-structure-sensitive in situ XRD during salient stages of CVD (Supporting Figure S1a , information depth ∼5 μm). As-loaded Cu shows reflections corresponding to metallic face-centered-cubic (fcc) Cu. Upon heating in H 2 (step 2) we observe a decrease in the peak width in the fcc Cu, consistent with crystallization and grain growth. The peak widths approach the instrumental resolution of the XRD setup, implying the formation of large grains. This is consistent with previous literature 3, 5, 46 and observations during heating in the ESEM (not shown here). Upon exposure to C 6 H 6 during graphene CVD we find that metallic fcc Cu remains as the only detectable catalyst phase, further confirming that metallic Cu is the active catalyst state both on the catalyst surface and in the bulk.
Cycling between Air Exposure and Vacuum Annealing. Having established isothermal graphene growth on Cu and the metallic catalyst state we now return to elucidate the details of the decoupling of the MLG from Cu via oxygen intercalation. For the XP spectra in Figure 4a , we measure an ex situ C 6 H 6 grown full coverage MLG film on Cu 3 after ambient air exposure for ∼4 weeks. As loaded the air-exposed MLG on Cu exhibits a well-defined decoupled C 3 component at ∼284.4 eV, accompanied by three minor peaks at 285.2, 284.75, and 284.0 eV. This fingerprint is consistent with the spectrum after air exposure in Figure 2a . We note that the latter peaks are partly overlapping with the BEs of C 1 and C 3 but are also the known BEs of adsorbed adventitious carbon from ambient air exposure. 47−49 The corresponding O1s (Figure 4b ), CuLMM, and valence band spectra (Supporting Figure S2a and Heating stepwise in vacuum (∼10 −7 mbar), first to 150°C (not shown) there is no change in the C1s and O1s, and Cu remains oxidized. Upon reaching 500°C the C1s changes: The components at 285.2, 284.75, and 284.0 eV disappear, and the remaining majority component is C 3 at 284.4 eV corresponding to decoupled graphene. Therefore, for air-exposed, as-loaded samples the components at 285.2, 284.75, and 284.0 eV are assigned to adventitious carbon. The O1s spectrum also changes to exhibit a shift of the main intensity to ∼529.7 eV (dashed line), indicating the onset of Cu-oxide reduction. With further heating to 700°C the C1s spectrum changes dramatically: The C1s main component shifts to 284.74 eV, that is, recovers the C 1 position corresponding to coupled graphene, and a small shoulder at C 2 (285.2 eV) emerges. Surface chemistry of the Cu catalyst as loaded (before step 1), after H 2 anneal (step 2), during hydrocarbon exposure (step 4), after cooling in vacuum (step 6), and after ambient air exposure (step 7) using (a) in situ XPS Cu LMM Auger, (b) Cu 2p 3/2 , and (c) O1s spectra [note that the as-loaded O1s scan was measured at a higher kinetic energy (450 eV) to penetrate the adventitious carbon from ambient air storage]. The numbers in brackets indicate multipliers for intensities of separate scans. Comparing a and b, we note that the Cu LMM Auger is more sensitive to changes in the oxidation state of Cu than the Cu 2p 3/2 spectra.
Concurrently, the C 3 peak (284.4 eV) is drastically reduced. The XP spectrum now resembles the in situ acquired spectrum during graphene growth in Figure 2a . The corresponding O1s at ∼700°C shows the reduction of Cu, where only some residual minor traces of OH bonds remain at ∼531−532 eV, 39, 40 resembling the O1s spectra acquired during growth ( Figure  3c ). This shows that by vacuum annealing the decoupling of the graphene by the oxygen interlayer can be reversed and that the graphene can be recoupled to Cu.
When cooling the annealed sample to room temperature in vacuum the C1s spectrum does not change and remains at the coupled C 1 position (as post-CVD in Figure 2a) . Only, upon subsequent exposure to ambient air at room temperature the composition of the C1s spectra changes again with the major peak component shifting back from C 1 toward C 3 . After 20 min of air exposure an intermediate state between C 1 and C 3 is reached with the highest intensity located at ∼284.45 eV. After one day in air the original state of the as-loaded sample is approached with the highest intensity at the C 3 position, and after eight months in air we measure the same C1s peak positions with a majority C 3 as in the initially loaded sample (with an increasing contamination contribution from adventitious carbon due to the longer storage in ambient air). Air exposure correspondingly leads to a reoxidation of the Cu (Figure 4b and Supporting Figure S2 ). While after storage in air for 1 day a less intense Cu 2 O contribution is observed than for the as loaded sample, after storage in ambient air for 8 months the initial oxidation state of the Cu is reached.
To visualize the morphological dynamics of this recoupling process we perform the same air exposure/vacuum annealing cycling of ex situ grown MLG islands using ESEM. Figure 4c shows that for islands the recoupling temperature is reduced by ∼200°C compared to the full coverage film (also confirmed by in situ XPS on MLG islands, not shown) and that recoupling starts at an island's edges and proceeds inward, as seen by the indicated change in SEM contrast.
By comparing the C1s intensities we determine a maximum loss of carbon <10% from the MLG layer during vacuum annealing. We emphasize that we do not observe any loss of flake size in ESEM during annealing (Figure 4c ). This suggests that diffusion/direct-desorption may be the dominating processes for oxygen removal from underneath the MLG while carbon-mediated oxygen loss plays a minor role for the first cycle. 53, 54 Minor reactions with the MLG are however also observed in our data since with increasing cycling temperature we observe a small increase in the C 2 component at 285.2 eV (Figure 4a at 700°C ). Corroborating our previous assignment of C 2 to defects in coupled graphene, this small intensity increase suggests that a small level of defects is introduced into the graphene by reannealing in vacuum. Raman measurements on cycled graphene films show a minor increase in D-band intensity, implying that for a single reanneal cycle structural damage to the graphene remains limited.
Our findings on reversible oxygen intercalation between MLG and polycrystalline Cu are consistent with the suggestion of oxygen intercalation for Cu single crystals 28 and with previous literature for MLG on Ir 53, 55 and Ru. 54, 56 We suggest the intrinsically polycrystalline nature of CVD graphene can offer pathways for gas species diffusion. 3, 57 Our findings also explain the reappearance of Cu surface states in STM after vacuum annealing of air transferred graphene on Cu. 58 While our current measurements do not reveal the full details of the state of the intercalated oxygen species such as adsorption geometries/sites and possible surface reconstructions, we note that previously reported room temperature Cu-bulk oxidation under polycrystalline MLG layers 15−19 is a different process to the oxygen intercalation reported here. Bulk oxidation has a very different time scale (days to weeks) compared to the oxygen-intercalation-related decoupling of MLG which happens much faster (minutes to hours). Clearly however, oxygen intercalation is the first step of Cu-bulk oxidation. 59 (see Supporting Figure S3 .)
In the previous sections we established that under standard CVD conditions MLG grows in a coupled mode on fully reduced Cu and that air exposure quickly leads to decoupling of graphene. As a further step we now investigate changes in our observations for conditions that differ from standard CVD. In particular, we look at the effect of residual gases in the CVD atmosphere and on the effect of extended hydrocarbon exposures below the MLG nucleation threshold on the Cu bulk.
Effect of Residual Air Contamination in CVD Atmosphere. By employing a less stringent freeze−pump−thaw cleaning of the liquid C 6 H 6 reservoir, an air bubble precedes graphene nucleation when the C 6 H 6 vapor is introduced. We first pretreat Cu in H 2 (step 1−3) leading to a reduced catalyst (similar as in Figures 2 and 3) . Then, as shown in Figure 5 we introduce the air contaminated C 6 H 6 vapor at the growth temperature into the chamber and observe via mass spectrometry an air bubble to flow through the CVD chamber (see Supporting Figure S4a for mass spectrometer data). This leads to partial reoxidation of the Cu (O1s, see Figure 5b ) and strongly increases the incubation time of graphene growth (to ∼1000 s). During this incubation time, partial re-reduction of the Cu catalyst ( Figure  5b ) is observed in the O1s XP spectra. Then, at a point where the oxygen level is still higher than in our standard C 6 H 6 exposure (Figure 3c ), graphene nucleates as seen by the rise in the C1s (Figure 5a ). The key observation here is that the graphene is initially coupled (C 1 appearing first) but then during isothermal growth the C1s intensity shifts to the C 3 position of decoupled graphene, resulting in roughly half of the intensity at C 1 and C 3 , respectively. This is unlike our standard exposure where C 3 only becomes a significant component upon air exposure after growth. Alongside the majority C 1 and C 3 components, we also observe 285.2 eV (C 2 ) and 284.0 eV contributions during growth, which we assign to defects in the graphene (as adsorption of adventitious carbon can be excluded during the in situ scans). The defect contributions in the graphene signal are higher for this "air bubble exposure" compared to the standard growth from Figure 2a (confirmed by ex situ Raman spectroscopy, not shown).
The growth of graphene on a partially oxidized Cu surface corresponds well to previous ex situ reports of MLG growth on (partial) Cu surface oxides. 3, 60, 61 The integral nature of our XPS measurements does not allow distinguishing whether at this temperature the graphene nucleates first coupled and subsequently gets decoupled or whether graphene already nucleates in the decoupled state. Nevertheless, while we find the presence of oxygen to lead to increased defect levels in the growing graphene (which is expected), the unexpected shift in the C1s majority component when residual oxygen is present highlights that residual gases in the CVD atmosphere can induce a change in the graphene−Cu interaction.
Involvement of Cu Bulk. Finally, we address the question of bulk involvement of Cu catalysts during graphene growth. Compared to Ni, 37, 38 our XPS and XRD data do not show significant signs of carbon dissolution in Cu during our standard CVD processing. This is in agreement with reports for Cu catalysts where precipitation of dissolved carbon upon cooling was generally perceived to be negligible. 4 The reported values of carbon solubility in Cu (at ∼1000°C between 0.00070 atom % 62 and 0.028 atom % 63 ) however suggest that the amount of carbon dissolved in a 25 μm Cu foil (as used in our experiments) can correspond to between 0.4 and 15.5 layers of graphene (atomic density of carbon ∼3.8 × 10
19 atoms m
−2
). This is a surprisingly large number of layers that potentially could precipitate due to a reduction of the solubility upon cooling, particularly since previously reports have been divided on whether small amounts of precipitation were observed 64 or not. 4, 5, 7 Also theoretical calculations recently addressed the possible role of subsurface carbon species in the Cu catalyst during MLG growth. 65, 66 In this context, we carried out a set of experiments whereby the Cu foil is exposed for extended times to low C 6 H 6 pressures (P C 6 H 6 < 1 × 10 −4 mbar).
For such exposures in situ XPS shows no peaks emerging in the C1s region (for the 40 min probed); that is, no graphene is nucleated isothermally (Supporting Figure S5a) . However, upon subsequent cooling in vacuum we observe the appearance of a small broad C1s signal which increases with falling temperature, indicative of carbon precipitation upon cooling. Similar exposures in the ESEM (Supporting Figure S5b,c) show carbon precipitation upon slow cooling in the form of a pattern of speckles (<0.1 μm 2 ). Notably, the features formed by precipitation are not limited to Cu grain boundaries 64 but are located across the Cu grains. The precipitated carbon is hardly detectable with Raman spectroscopy on Cu (not shown). Hence our data indicate that under certain conditions minor carbon precipitation upon cooling, here in the form of deleterious defective carbon, can be observed for Cu foils.
Discussion. Our in situ data offers unprecedented insights into the growth and interaction mechanisms of MLG on Cu and has a number of important implications for future optimization of Cu-catalyzed graphene CVD as well as for subsequent processing and device integration.
Post-CVD, MLG is quickly decoupled over a time scale of minutes to hours from the Cu by oxygen intercalation in ambient air even at room temperature. This decoupling is reversible by simple vacuum annealing. The ease of oxygen mediated decoupling implies that experimental determination of the Cu-graphene interaction strength 6,11,20−22 needs to carefully account for any unintentional oxygen exposure, not to underestimate the already weak 30, 31 graphene−Cu interaction. The observed oxygen intercalation also has important ramifications regarding the possible need for cluster-tool processing when using MLG directly on the Cu catalyst, as in, for example, contacts. 23, 24 Also the currently debated wetting transparency of graphene might be affected by the observed coupling/decoupling mechanisms. 20−22 We note that to characterize Cu-oxidation under MLG in sufficient detail by XPS the CuLMM signal is more sensitive than the Cu 2p 3/2 signal and less ambiguous than the O1s signal. 15, 17, 21 Cu 2p 3/2 core-level measurements alone are insufficient to detect our observed intercalation (which can be seen by comparing Figure  3a−c) . With regard to the debated use of graphene as a protective layer against corrosion, 15−19 our data shows that even for high-quality continuous CVD MLG films gaseous species do reach the MLG-Cu interface over a relatively short time scale. This implies that corrosion of Cu under MLG in ambient air is a multistep phenomenon comprised of the very fast initial intercalation (as shown in this work), followed by short-term dry-corrosion-protection 15, 16 and then long-term degradation via wet oxidation. 16, 19 Our data further indicates that even trace amounts of oxygen present in a CVD reactor can alter the MLG−Cu interactions, which might eventually affect the graphene growth results. This might be an important factor to rationalize some of the many different reported results on process-dependent relationships between the Cu surface and MLG domain shape and orientation. 8−13 Hence residual contamination levels during CVD may have to be carefully addressed for further optimization of controlled graphene growth. 61 Our data highlight that during standard CVD graphene dominantly grows isothermally in a coupled mode on reduced Cu. We note that in contrast to catalysts that have a higher carbon solubility and/or interact more strongly with carbon (such as Ni 37, 38 ), we do not observe XPS signatures corresponding to a carbide surface reconstruction or to a substantial carbon uptake into the catalyst bulk or subsurface under our standard exposure and cooling conditions. This appears to fit with the proposed surface model of graphene growth on Cu, 1 which is typically contrasted to a model of growth by precipitation upon cooling for higher carbon solubility catalysts like Ni. 4 We have previously however already highlighted that for Ni this perceived binary picture is incomplete, as for instance at low temperatures an isothermal growth regime is dominant for Ni. 37, 38 The dominating growth mode between isothermal and precipitation growth from Ni was in fact found to be highly dependent on process conditions, such as temperature, heating profiles, catalyst thickness, and other kinetic factors. 67 In this context, we proposed a kinetic growth model considering the flux balance between carbon reaching and leaving the catalyst surface. 67 Our data here including the observation of precipitated carbon from Cu, be it minor, implies that such a kinetic model is also applicable to Cu. This also suggests that unintentional carbon uptake from, for example, deleterious carbon deposits present in most CVD systems 68 or from the processing history of commercial Cu catalyst foils may alter the growth characteristics of graphene on Cu. Likewise, in an earlier report on bilayer graphene growth on Cu 69 the main process modification employed to obtain bilayer (and not monolayer) graphene had been a slower cooling rate after CVD, possibly consistent with precipitationmediated carbon nucleation. In any case, the combination of our previous reports on Ni 37, 38, 67 and our findings here imply that the fundamental routes to graphene growth on lower carbon solubility catalysts (like Cu) are not as different from those of higher carbon solubility catalysts (like Ni) as has often been stated in literature. 4, 6 In summary, we used a range of complementary in situ techniques to reveal the highly dynamic nature of MLG-Cu interactions throughout the entirety of the graphene CVD process on polycrystalline Cu catalysts. In particular, our detailed in situ observations of the surface chemistry evolution during isothermal MLG growth and of the ease of oxygen intercalation between MLG and Cu under ambient conditions provide important implications for future optimization of graphene manufacturing and device integration.
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Methods. Graphene CVD using C 6 H 6 , CH 4 , and C 2 H 4 as hydrocarbon precursors was performed in customized in situcompatible cold-wall CVD reactors on commercially available cold rolled polycrystalline Cu foils (Alfa Aesar, 25 μm thick 99.999% purity), based on earlier reported recipes. 3 The majority of this study uses (unless specified otherwise) exposures in undiluted C 6 H 6 vapor (fed via a leak valve from a liquid C 6 H 6 reservoir, cleaned from residual air by repeated freeze−pump−thaw cycles) at P C 6 H 6 ∼ 1 − 5 × 10 −3 mbar and ∼900°C, while for cross-checks with CH 4 /H 2 and C 2 H 4 total exposure pressures of 0.2 mbar were used. The CVD process typically included a H 2 pretreatment step (∼0.2 mbar), followed by a quick pump-down to base pressure before introducing the carbon precursor as summarized in Figure 1 . In situ XPS measurements during C 6 H 6 , CH 4 , and C 2 H 4 CVD were performed at the BESSY II synchrotron at the ISISS end station of the FHI-MPG. 70 A differentially pumped XPS system allows CVD at pressures up to 1 mbar while measuring in situ XPS (base pressure < 10 −7 mbar). Cu catalyst foils were clamped with SiC clips onto SiO 2 (300 nm)/Si wafers and heated via an IR laser focused onto the backside of the wafer. Temperature readings were taken via a precalibration with a thermocouple and cross-checked with pyrometer measurements during CVD (±30°C of reported temperature). The reaction atmosphere composition was continuously monitored using a mass spectrometer (Prisma). Time-resolved XPS core level spectra of the C1s, Cu 2p, O1s regions, Cu LMM Auger region, and the valence band region were acquired at salient stages of CVD at two sets of electron kinetic energies at 150 and 450 eV corresponding to information depths of ∼0.7 nm and ∼1.2 nm, respectively. 71 We note that all peak positions reported in this study were referenced to the simultaneously acquired Fermi edge. Spectral resolution was ∼0.3 eV. Background correction was performed by using a Shirley background. 72 C1s spectra were fitted following the Levenberg−Marquardt algorithm to minimize the χ 2 . Peak shapes were modeled by using asymmetric Doniach−Sunjic functions convoluted with Gaussian profiles 73 featuring an asymmetry parameter of α = 0.09, which result in the best fit for all components. The accuracy of the fitted peak positions is ∼0.05 eV.
In situ ESEM experiments using C 6 H 6 were performed at the Fritz-Haber-Institut of the Max-Planck-Society in a commercial ESEM (FEI Quantum 200, base pressure ∼1 × 10 −6 mbar) with a heating stage and gas supply unit (Bronkhorst). Temperatures were measured with a thermocouple spot-welded to one far end of a thin Cu foil strip and have an estimated uncertainty of ±30°C. Samples were imaged using a standard Everhart−Thornley detector and an acceleration voltage of 5.0 kV during H 2 pretreatment and C 6 H 6 growth, while the CVD atmosphere was monitored by a mass spectrometer (Pfeiffer OmniStar).
In situ XRD (Theta−2Theta geometry) during pretreatment and C 6 H 6 CVD was performed at the BM20 beamline (Rossendorf beamline) of the European Synchrotron Radiation Facility (ESRF) in a cold-wall reactor chamber mounted on a high-precision six-circle goniometer (base pressure ∼10 −6 mbar). The stainless-steel reactor chamber has Kapton windows fitted to allow transmission of X-rays in different scattering geometries. A Si (111) double crystal monochromator was used to select the X-ray energy (monochromatic X-ray beam of 11.5 keV with a corresponding wavelength of 1.078 Å). The diffracted X-rays were measured using a horizontally aligned Soller slit system and a one-dimensional line detector (K-Tek). Since the high degree of texture in cold rolled Cu foils prevents reliable measurement in powder-diffraction geometry, Cu powder (Alfa Aesar, <5 μm, 99.9% purity) pressed into a thick granular film onto a sapphire wafer was used as a catalyst model system for the in situ XRD experiments. A boron nitride coated graphite resistive heating element (Boralectric) was used to heat the sample clamped down with alumina spacers, and the temperature was measured with a thermocouple in contact with the sapphire substrate (uncertainty ±30°C of reported temperature). Note that monolayer graphene is not detectable in the used XRD setup.
Graphene growth from all in situ experiments was confirmed by ex situ characterization using scanning electron microscopy (SEM, Carl Zeiss SIGMA VP, 1−2 kV) and Raman spectroscopy (custom built Raman set up using a 488 nm Ar laser with 1.1 mW on the sample).
We cross-checked XPS signatures and performed additional in situ heating experiments using ex situ grown MLG and fewlayer graphene including samples with full coverage and only island coverage, all grown in a cold-wall CVD system using C 6 H 6 or CH 4 as the carbon precursors. 3 ■ ASSOCIATED CONTENT * S Supporting Information XRD and Raman data for the in situ XRD experiment; additional in situ XPS data for the cycling experiments; optical images for Cu bulk oxidation experiments; mass spectrometry data and additional in situ XPS data for the "air bubble exposure" experiment; in situ XPS and ESEM data and detailed description for the carbon precipitation experiments. This material is available free of charge via the Internet at http:// pubs.acs.org.
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